A simplified general circulation model has been used to investigate the chain of causality whereby changes in tropospheric circulation and temperature are produced in response to stratospheric heating perturbations. Spinup ensemble experiments have been performed to examine the evolution of the tropospheric circulation in response to such perturbations.
Introduction
In recent years evidence has accumulated that changes in the stratosphere can have a significant impact on the troposphere and that there are many climate forcings that can potentially have an impact on tropospheric circulation through a stratospheric pathway (Shepherd 2002; Haynes 2005) .
One such forcing is the irradiance change associated with the 11-yr solar cycle. Several studies have shown consistent changes in tropospheric temperature and circulation over the cycle involving a temperature response that is nonuniform in latitude, together with altered mean meridional circulation and zonal wind anomalies (Haigh 2003; Haigh et al. 2005, hereafter HBD05; Crooks and Gray 2005; Salby and Callaghan 2006; Gleisner and Thejll 2003) . HBD05 showed that at solar maximum there is a weakening and poleward shift of the midlatitude jets compared to solar minimum, which consists of a reduction in zonal-mean zonal wind of over 1 m s 21 on the equatorward side of the jet and an acceleration of a few tenths of 1 m s 21 on the poleward side of the jet. A similar pattern is found in atmospheric GCM studies of the response to enhanced solar UV (Haigh 1996 (Haigh , 1999 Larkin et al. 2000; Matthes et al. 2006) , and these also suggest a change in the mean meridional circulation, consisting of a weakening of the dominant winter Hadley cell and a poleward shift of the summer Hadley and Ferrell cells. These circulation changes are accompanied by a tropospheric temperature response that consists of a banded increase of over 0.5 K in midlatitudes (between ;208 and 608 latitude) in thermal wind balance with the zonal wind accelerations (Haigh 2003; Crooks and Gray 2005; Lu et al. 2007 ).
One possible mechanism for the production of this tropospheric solar signal is through a dynamical response to enhanced heating that occurs in the lower stratosphere (Haigh 1996; Kristjánsson et al. 2002; Baldwin and Dunkerton 2005) . Although the direct radiative effect of the solar cycle is larger in the upper stratosphere, there is a secondary maximum in the temperature response found in the lower stratosphere, with an increase in temperature on the order of 1 K found over the equatorial latitudes (Labitzke et al. 2002; Crooks and Gray 2005; Haigh 2003) .
To investigate whether lower stratospheric heating over the solar cycle could produce the observed tropospheric response, HBD05 looked at the effect of applying heating perturbations to the stratosphere of a simplified GCM (sGCM). It was found that a tropospheric signal similar in structure to that seen over the solar cycle could be produced in response to heating of the stratosphere, which is largest at the equator. Because this is similar in structure to the observed lower stratospheric temperature response to the 11-yr cycle, it lends support to the idea that the tropospheric circulation changes could be produced through a response to the heating of the lower stratosphere.
There are many other climate forcings that could also have an impact on tropospheric circulation through a change in temperature of the lower stratosphere, and several authors have investigated the effect of applying different temperature perturbations to the stratospheres of sGCMs (HBD05; Polvani and Kushner 2002; Polvani 2004, 2006; Williams 2006; Lorenz and DeWeaver 2007) . In each of these studies, a stratospheric temperature perturbation produces a shift in position and strength of the tropospheric jets, the sign of which appears to depend on the sign and latitudinal distribution of the applied temperature perturbation. For example, HBD05 and Williams (2006) have shown that in response to a latitudinally uniform increase in temperature of the stratosphere (and corresponding lowering of the tropopause), there is an equatorward shift of the midlatitude jets. Analogously, Lorenz and DeWeaver (2007) found a strengthening and poleward shift of the midlatitude jets in response to a cooling of the stratosphere, such as predicted in response to increased greenhouse gas concentrations.
The work of Polvani and Kushner (Polvani and Kushner 2002; Polvani 2004, 2006) has focused on investigating the mechanisms involved in the tropospheric response to cooling of the polar stratosphere of an sGCM. They found a poleward shift of the tropospheric jet in response to the stratospheric cooling and demonstrated the importance of changing eddy momentum fluxes in producing the tropospheric response. They also found that the full tropospheric response could not be produced without internal tropospheric eddy feedbacks. HBD05 also demonstrated the importance of altered eddy momentum fluxes in maintaining their tropospheric response to stratospheric heating perturbations. However, it is not yet known exactly how changes in lower stratospheric temperature influence the eddies to produce such a response.
Moreover, it is not clear what determines the direction of the tropospheric jet shift. Lorenz and DeWeaver (2007) investigated whether the tropospheric response was more sensitive to changes in the height of the tropopause or changes in the meridional temperature gradient. They applied a heating perturbation of 208 latitude width and 150-hPa height at various positions in the latitude-pressure plane and found that the sign of the tropospheric jet shift changes dramatically as the heating perturbation is moved from below to above the tropopause, suggesting that changes in tropopause height are important. However, they also find a change in the sign of the tropospheric response as the heating moves meridionally either above or below the tropopause.
The above experiments have demonstrated that in response to stratospheric heating perturbations there is a shift in tropospheric circulation associated with changes in eddy momentum fluxes. The response appears to depend on the sign of the heating perturbation and also on its meridional distribution. But it is not yet clear exactly how such a response is produced. In this paper we address some of these issues as we investigate in more detail the mechanisms involved in producing the tropospheric response to perturbations in lower stratospheric temperature. We carry out spinup ensemble experiments using the same sGCM as HBD05 to investigate the evolution of the response. Our analysis is first presented in the context of the equatorial heating case because this most closely resembles the solar cycle response. We then compare with the uniform and polar heating cases and with experiments using a zonally symmetric model to demonstrate the importance of changing eddy fluxes. Section 2 describes the model and experiments and section 3 presents the results of the 3D model runs with equatorial heating. These are compared with the results of the zonally symmetric model in section 4. A brief comparison is made with the uniform and polar heating cases in section 5, and discussion and conclusions follow in section 6.
Model and experimental design a. The model
The sGCM used in the following experiments is the same as that used in HBD05. It has the spectral dynamical core described by Hoskins and Simmons (1975) , with modification to include the angular momentumconserving vertical discretization of Simmons and Burridge (1981) while retaining the original sigma coordinate. Triangular truncation at wavenumber 42 is used. There are 15 levels between the surface and s 5 0.0185 with the level spacing chosen to give good resolution in the region of the tropopause, which is crucial for investigations of the tropospheric response to stratospheric heating perturbations. The model sigma levels are as follows: 0. 0185, 0.0596, 0.106, 0.152, 0.197, 0.241, 0.287, 0.338, 0.400, 0.477, 0.569, 0.674, 0.784, 0.887, and 0.967. Although the model includes an accurate representation of large-scale dynamical processes, it has a highly parameterized representation of physical processes. Instead of the moist and radiative parameterizations of a full GCM, the climate is maintained by Newtonian relaxation of the temperature field toward a zonally symmetric equilibrium state (Held and Suarez 1994) on a time scale of 40 days for s , 0.7 (representing radiation and deep, moist processes) and reducing to 4 days at the equatorial surface (representing the planetary boundary layer). Boundary layer friction is represented by Rayleigh damping of winds below s 5 0.7 with a time scale of 1 day at the surface.
Orography is omitted, so there is no large-scale zonally asymmetric forcing, resulting in relatively weak planetary waves generated only by the internal dynamics. Baroclinic eddies dominate the wave spectrum with peak amplitude at zonal wavenumbers 5 to 7. These are initiated through a white noise perturbation applied to the surface pressure field at the beginning of each equilibrium integration.
b. Spinup ensemble experiments
The results of HBD05 have demonstrated the equilibrium response to the application of several different heating perturbations to the stratosphere of the sGCM. In this investigation we carry out spinup ensemble experiments to further investigate the mechanisms involved in transmitting the response of the applied stratospheric heating perturbation to the troposphere below. The stratospheric heating perturbations are applied by altering the Newtonian equilibrium temperature field (see HBD05 for details). The E5 case consists of an increase in stratospheric temperature of 5 K at the equator decreasing to 0 K at the poles, with the tropospheric relaxation temperature unchanged. The U5 case consists of a uniform increase of 5 K throughout the stratosphere, whereas the P10 case has an increase of 10 K at the pole decreasing to 0 K at the equator. Equatorial heating more resembles that seen over the solar cycle, although the applied temperature perturbation is considerably larger than that observed (Haigh 2003; Labitzke et al. 2002) . However, it was found by HBD05 that the results were qualitatively independent of the magnitude of the applied heating, with the magnitude of the response varying linearly in the stratosphere and with a slightly larger response than linear in the troposphere. This suggests that although the applied temperature perturbation in the E5 case is large, the mechanisms involved in the tropospheric response will be the same as with a smaller stratospheric heating perturbation. The model experiments are not intended to be a direct simulation of the climate response over the solar cycle, but they can be of use in investigating the mechanisms involved in a tropospheric response to enhanced heating in the stratosphere over the solar cycle. Although we are primarily investigating mechanisms by which the tropospheric response to solar activity is produced, our results apply equally to other situations in which there is a thermal perturbation to the stratosphere, such as the cooling expected with increased greenhouse gas concentrations (Lorenz and DeWeaver 2007) . The U5 heating case could be thought of as the opposite of a greenhouse gas stratospheric cooling scenario, whereas the P10 case could be of use in interpreting any circulation changes associated with a warming of the polar stratosphere, such as might occur with ozone recovery (Son et al. 2008) .
Each spinup ensemble consists of 200 50-day runs. Each ensemble member starts from different initial conditions taken at 50-day intervals from a control simulation in which no stratospheric heating perturbation was applied. In this way, the starting conditions are different for each ensemble member but remain within the natural variability of the control run. The stratospheric heating perturbation is then switched on and the model is allowed to respond over the following 50-day period. By averaging over the ensemble, a statistical signal emerges from internally generated variability and the evolution in response to the applied heating perturbation is clearly demonstrated. The number of data points has been doubled by averaging over both hemispheres. As was noted in HBD05, this is possible because the temporal correlation between the equivalent points in the two hemispheres is very low.
In addition to the spinup ensembles, an equilibrium run has been performed for each heating case. For each of these, the model is spun up from rest with the stratospheric heating perturbation continuously applied and the results taken from a 5000-day average after an initial spinup period of 200 days. 1 We focus in sections 3 and 4 on the E5 case and then confirm the ideas presented in sections 3 and 4 by comparison with the U5 and P10 experiments in section 5.
Results for the E5 case a. Spinup ensemble evolution
The spinup ensemble average evolution of zonal mean temperature T, zonal-mean zonal wind u, and streamfunction of the zonal mean meridional circulation C for the E5 case are shown in Fig. 1 . Results are presented as 10-day averages with the difference taken relative to the average of the equivalent 10 days of the control run following the start day of the spinup to limit any apparent evolution that is due to internal variability. The top panels of Fig. 1 show latitude-pressure cross sections of each zonal-mean quantity for the 10 000-day control run, and the bottom panel shows the difference between the 5000-day equilibrium E5 run and the control run.
In the initial 10 days after the perturbation is switched on, there is an increase in the temperature of the stratosphere, with warming that is largest at the equator and decreasing toward the poles. This reduces the reversed latitudinal temperature gradient of the control run and induces poleward flow, which results in a broad increase in vertical wind shear in the stratosphere to maintain thermal wind balance. The tropopause in the equilibrium temperature distribution slopes down from equator to pole (HBD05; Fig. 2a ), so the perturbation also increases the meridional temperature gradient equatorward of ;308 latitude around the 200-hPa level. This induces equatorward flow and an easterly anomaly with decreased vertical wind shear immediately below it at the subtropical tropopause.
As the spinup progresses, a response begins to be seen in the troposphere. This consists of a band of increased temperature in the midlatitude troposphere centered on ;458 latitude and a decrease on either side (see Fig. 1 ). This banded structure is already very similar to the equilibrium response by days 20 to 29. It continues to intensify through the spinup period, but the equilibrium response has not yet been reached after 50 days.
In thermal wind balance with these tropospheric temperature changes, there is an increased westerly wind on the poleward side of the jet and a decrease on the equatorward side. This corresponds to a weakening and poleward shift of the midlatitude jet. Again, this zonal wind response is small initially but continues to amplify throughout the spinup period while the features in the subtropical upper troposphere migrate slowly poleward leading to a poleward tilt with height.
A response in mean meridional circulation is also apparent near the beginning of the spinup (Fig. 1c) . In days 0 to 9 it consists of a weakening of the Hadley cell and the equatorward side of the Ferrell cell, starting in the upper troposphere. This is qualitatively consistent with the response to the temperature gradients directly generated by the stratospheric heating, as already discussed. By days 20 to 29, the meridional circulation has extended throughout the depth of the troposphere and an anomalous indirect circulation has also appeared at high latitudes. This three-cell pattern continues to increase in magnitude as time progresses. The regions of anomalous descent and adiabatic warming coincide with the regions of increased temperature in the troposphere and vice versa. The change in the convergence of poleward eddy heat flux (not shown) acts to oppose these tropospheric temperature changes such that, by equilibrium, there is a balance between the adiabatic heating (cooling) and divergence (convergence) of the poleward eddy heat flux (see HBD05 for the equilibrium poleward eddy heat flux).
It is apparent that there is a balanced response in the troposphere to the stratospheric heating, but how is such a response produced when the temperature perturbation is only applied in the stratosphere? HBD05 demonstrated that changes in the horizontal eddy momentum flux (u9y9) were crucial in maintaining the anomalous zonal flow against low-level drag. In the following section, we demonstrate not only that the changing eddy momentum fluxes are important in maintaining the anomalous circulations but also that they are instrumental in creating them.
b. The importance of changing eddy momentum fluxes
The results of the previous section have demonstrated that altered temperature gradients in the stratosphere and around the tropopause region result in zonal wind accelerations there. Figure 2 demonstrates that this is also accompanied by altered horizontal eddy momentum fluxes, and it becomes apparent when looking at momentum balance that these are important in driving the meridional wind changes in the upper troposphere, which in turn are important in producing the zonal wind anomalies in the lower troposphere. Throughout the following we use ''horizontal eddy momentum flux'' to refer to momentum flux in the equator to pole direction.
The momentum balance in the conventional Eulerian mean can be written
where overlined quantities represent zonal means and dashed quantities represent the deviations from the zonal mean; a is the radius of the earth and k is the boundary layer frictional damping coefficient. The u anomalies relative to t 5 0 can then be given by
To derive this solution, the dependence of the ageostrophic terms on u has been ignored. Given the good agreement between the sum of the terms on the rhs of Eq. (2) and the u anomaly (as will be shown below), this appears to be a reasonable approximation. Note that for p , 700 hPa, k 5 0 and the solution is exact. Thus there are three terms that act to change u: the Coriolis force acting on the anomalous mean meridional wind, the change in horizontal eddy momentum flux convergence, and the ageostrophic terms. Mean meridional wind anomalies arise in response to thermal wind imbalances created directly by the anomalous heating and by anomalous eddy fluxes.
Comparing Figs. 1c and 2a, it is evident that the anomalous mean meridional circulation is in the correct sense to (at least partially) balance the anomalous horizontal eddy momentum flux.
In response to the stratospheric heating, there is a horizontal dipole in the change in horizontal eddy momentum flux, which gives a tripole of forcing in Eq. (1). This tripole corresponds to the latitudes of the three-cell pattern in the meridional circulation anomalies. By days 20 to 29 the increase in horizontal eddy momentum flux on the poleward side of the jet has become more prominent and stretches downward and equatorward into the troposphere.
The altered temperature gradients around the tropopause will tend to drive an anomalous indirect circulation equatorward of ;308 latitude and a direct circulation poleward of this. These circulations will drive easterly winds equatorward of 308 latitude and westerly winds poleward of this near 200 hPa via Coriolis torque. Fig. 1 , but for (a) u9y9 and (b) E-P flux scaled as in Edmon et al. (1980) for the E5 case. Note the different scale of the E-P flux vectors and the different contour intervals between plots.
FIG. 2. As in
During days 0 to 9, the u9y9 anomalies result in a region of increased convergence equatorward of around 308 latitude. This will tend to drive changes in the zonal wind but will also induce a mean meridional circulation opposing these changes. The dipole in momentum flux convergence associated with the negative u9y9 anomaly is located so as to enhance the mean meridional circulations and weaken the zonal winds driven directly by the heating. At the highest latitudes there is an increased convergence of u9y9, but this does not initially dominate over the effect of the altered temperature gradients. By days 20 to 29 the positive part in the dipole of eddy momentum flux has become much more prominent, and in the region poleward of ;508 latitude this results in an anomalous indirect circulation. Thus, regions of increased (decreased) convergence of horizontal eddy momentum flux coincide with regions of decreased (increased) meridional wind, as would be expected from Eq. (1). This is further demonstrated in the top panels of Fig. 3 , which show time series of the change in each of the forcing terms in Eq.
(2) over the spinup, along with their sum and the zonal wind anomaly (difference between spinup and control run at time t), averaged between 700 hPa and the top of the model. Figure 3a shows the average over 348-378 latitude (the region of decreased u on the equatorward side of the jet) and Fig. 3b shows the average over 548-578 latitude (in the region of acceleration on the poleward side of the jet). This demonstrates that over these latitudes, in the vertical average outside the boundary layer, the dominant balance is between anomalous horizontal eddy momentum flux and anomalous f y, with the imbalance giving a net acceleration in u. In almost all regions the change in horizontal eddy momentum flux is considerably larger than the change in vertical eddy momentum flux. However, the latter does become important around the 308 latitude region, where the change in horizontal eddy momentum flux convergence approaches zero. Thus, the vertical eddy momentum flux is important in determining the exact latitude of zero meridional-zonal wind changes in the subtropics. At certain pressure levels on the equatorward side of the jet the ageostrophic terms become important, but their contribution to the change in u cancels out when integrating over the upper half of the atmosphere, leaving the dominant balance between the horizontal eddy momentum flux and the f y anomalies, as shown.
The middle panel of Fig. 3 shows the anomalous f y vertically integrated over the free atmosphere and within the frictional boundary layer (i.e., above and below 700 hPa), averaged over the same latitudes [note this is the instantaneous f y acceleration in Eq. (1), not the time-integrated value from Eq. (2) shown in the upper and lower panels]. The anomalous meridional wind at upper levels clearly mirrors that at lower levels, so that meridional wind anomalies produced in response to eddy momentum flux changes in the upper troposphere are balanced by meridional wind anomalies in the lower troposphere of opposite sign, as expected through downward control (Haynes et al. 1991) .
Comparison of Figs. 1b and 1c shows that the regions of anomalous poleward meridional wind in the lower troposphere correspond to regions of increased westerly zonal wind and vice versa, suggesting that the f y term at lower levels gives rise to the zonal wind accelerations there. This is confirmed in the lower panel of Fig. 3 , which shows each of the terms in Eq. (2) for the region of acceleration on the poleward side of the jet and the region of deceleration on the equatorward side of the jet, but this time averaged from 700 hPa to the surface. Here it is f y that is the dominant contribution to the change in u. Thus, changes in horizontal eddy momentum flux in the upper troposphere drive altered meridional circulations that lead to zonal wind accelerations in the lower troposphere. Figure 3 suggests that this occurs in two stages with an initial slow acceleration of the zonal wind in the first 20 days followed by faster changes, particularly on the poleward side of the jet.
The vertically integrated momentum budget has also been analyzed. In this diagnostic, the terms involving the Coriolis force acting on the mean meridional wind cancel. Additionally, the terms involving surface pressure variations and the surface momentum flux associated with the resolved flow are small and can be neglected. The vertically integrated momentum budget then becomes
where C ZONAL is the zonally averaged convergence of the poleward flux of westerly momentum by the mean circulation ( u y), C EDDY is the zonally averaged convergence of the poleward flux of westerly momentum due to the eddies (u9y9), and t Sl is the zonally averaged surface stress (See HBD05 for details). The vertically integrated momentum budget for the E5 spinup and equilibrium is shown in Fig. 4 . The 10 000-day average of the control run is shown, along with the anomalies for days 0 to 9 and 20 to 29 of the spinup and the anomalies for the E5 equilibrium run.
This demonstrates that in the region of zonal wind acceleration on the poleward side of the jet (between ;45 and 708), there is a significant increase in horizontal
eddy momentum flux convergence that is not balanced by the surface stress associated with the anomalous zonal wind at the beginning of the spinup. This creates a positive momentum budget residual that acts to accelerate the zonal wind. Changes of the opposite sign are seen in the latitudes of deceleration on the equatorward side of the jet. Equatorward of ;308 latitude, the changes in eddy momentum flux are smaller (particularly at the beginning of the spinup), resulting in a more complex balance in which the momentum flux due to the zonally averaged circulation is also important. During the spinup, the zonal wind anomalies extend down to the surface and the anomalous surface stress increasingly balances the anomalous eddy forcing so that, by equilibrium (bottom panels of Fig. 4) , there is almost a complete balance. The vertically integrated momentum budget therefore confirms that the altered eddy momentum flux is important in driving the vertically integrated zonal wind accelerations. This analysis has been shown for the conventional Eulerian mean (CEM), but the transformed Eulerian mean (TEM) momentum budget has also been studied. In the vertical integral the two formulations are equivalent, but the local TEM balances in the meridional plane are quite different for the E5 spinup. The change in Eliassen-Palm (E-P) flux divergence has a very broad latitudinal structure that is closely balanced by the residual circulation term (f À u y ) y Ã and neither corresponds (2)], averaged from the top of the model to 700 hPa; (middle) 11-day running means of f y anomaly vertically integrated from 0 to 700 hPa and from 700 hPa to the surface; (bottom) as in top but averaged over 700 hPa to the surface. All are averaged over (left) 348 to 378 and (right) 548 to 578 latitude.
to the latitudinal structure of the changes in zonal wind u. This broad structure is dominated by the vertical E-P flux component in the early spinup, as shown in Fig. 2b . The TEM version of the momentum budget therefore does not aid interpretation of the results.
c. What drives the changes in eddy momentum flux?
Changes in eddy momentum flux around the tropopause region and in the upper troposphere appear to be pivotal in producing the tropospheric response to the stratospheric heating perturbation. In this section we discuss what gives rise to this altered eddy momentum flux. Figure 2b shows the evolution of the change in E-P flux throughout the E5 spinup, where the arrows have been scaled for graphical purposes following the conventions of Edmon et al. (1980) . Recall that in the quasigeostrophic approximation, F 5 (F f , F p ), where F f 5 Àa cosf(u9y9) and F p 5 af cosf(y9u9/ u p ). When eddy propagation can be thought of as wavelike, then the direction of the E-P flux also indicates the direction of wave propagation. In the equilibrium situation for the control run (top panel) eddies develop because of baroclinic instability of the temperature gradient below the jet and propagate upward along the jet axis toward the high static stability of the tropopause. This prevents further upward propagation and the eddies refract primarily equatorward to break anticyclonically on the equatorward side of the jet. The equatorward propagation corresponds to the region of poleward eddy momentum flux in the top panel of Fig. 2a .
Even at the beginning of the spinup (days 0 to 9) there are changes to the direction of eddy propagation around the tropopause, with a weakening of the upward E-P flux particularly at lower latitudes (i.e., equatorward of the jet maximum). This is accompanied by reduced equatorward E-P flux around the tropopause (;100 to 250 hPa) equatorward of ;408, corresponding to the decrease in horizontal eddy momentum flux seen on the equatorward side of the jet. Below this, in the upper troposphere, there is increased equatorward propagation associated with the increased horizontal eddy momentum flux that extends equatorward and downward from the poleward side of the jet. The weakened upward E-P flux extends down to the surface by days 20 to 29, and by days 40 to 49 (not shown) it is accompanied by increased upward E-P flux on the poleward side of the jet, consistent with the shift in the region of maximum baroclinicity with the shift in the jet. This is further amplified at equilibrium (bottom panel).
To determine whether the changes in E-P flux throughout the spinup are consistent with changes in wave refraction by the evolving zonal-mean state, the zonal-mean quasigeostrophic refractive index (Matsuno 1970) has   FIG. 4 . Vertically integrated momentum budget. (top) Control run vertically integrated momentum budget; (bottom) difference between the vertically integrated momentum budget of the equilibrium E5 run and the control run; (middle) difference between the vertically integrated momentum budget for days 0 to 9 and 20 to 29 of the E5 run and the vertically integrated momentum budget of the equivalent 10-day chunks of the control run. Note the different scales on the ordinate axes. The convergence of horizontal eddy momentum flux, convergence of momentum flux by the zonally averaged flow, and their sum (C total ) are shown along with the anomalous surface stress and the budget residual. Positive surface stress has been taken as corresponding to an easterly forcing so the surface stress is taken away from each of the other terms to obtain a balance.
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been computed. For a dimensionless zonal wavenumber k, this is given by
where c is the zonal phase speed, N is the buoyancy frequency, and H is the density scale height. The meridional gradient of potential vorticity q f is given by Karoly and Hoskins (1982) demonstrate that under linear Wentzel-Kramers-Brillouin (WKB) theory, waves will be refracted by gradients of n 2 such that they will tend to propagate away from regions of low refractive index and toward regions of high refractive index.
The top panel of Fig. 5 shows the change in refractive index together with the change in E-P flux for days 0 to 9 of the spinup for the upper troposphere/tropopause region around the jet latitude, where the change in E-P flux is most significant. When calculating differences in the refractive index, the term involving wavenumber cancels out for any particular wavenumber. The refractive index calculations have assumed a phase speed of 8 m s
21
. 2 The following discussion of refractive index and E-P flux anomalies applies to wavenumbers 5-7, which dominate the E-P flux and horizontal eddy momentum flux anomalies and also dominate in the calculation of the phase speed.
It can be seen that the changes in E-P flux are generally consistent with those in the refractive index. There is a vertical dipole change in refractive index consisting of a reduction around the tropopause and an increase below it (i.e., a reduced upward gradient of refractive index, with the refractive index changes being larger on the flanks of the jet). The reduced upward gradient of n 2 is accompanied by reduced upward E-P flux, with the anomalies being larger on the equatorward side of the jet (particularly at ;300 hPa). By continuity, this reduced upward E-P flux would be expected to be accompanied by a reduced equatorward E-P flux above, as is indeed the case. This can be seen to be consistent with refraction away from a minimum in n 2 in low latitudes at around 200 hPa. Thus, the initial weakening of the upward E-P flux (and associated FIG. 5. (top) Change in n 2 (contours) and scaled E-P flux (arrows) for days 0 to 9 of the E5 spinup; (middle) change in q f /a( uÀc) using the change in q f from the spinup and u from the control run; (bottom) changes in q f /a( uÀc) using changes in u from the spinup and q f from the control run. Contours have been blanked out in regions where c . u. Note that values in the middle and bottom panels have been scaled by a 2 to make them nondimensional for comparison with total n 2 . 2 The phase speed was estimated by tracking regions of maximum potential vorticity around the jet latitude (between 408 and 508 latitude). Calculation of the gradients of best-fitting lines joining points of maximum potential vorticity in the longitude-time plane gives a distribution of phase speeds centered on ;8 62 m s
. The patterns of change in refractive index over the spinup are qualitatively similar for any choice of phase speed between 6 and 16 m s
. There was no detectable shift in the mean phase speed over the spinups. This is in contrast with the study by Chen et al. (2007) , which showed that a poleward shift of the midlatitude jets in response to a reduction in surface friction was due to an increase in the phase speed of the eddies and therefore a poleward shift of the subtropical critical latitude. However, our experiments are fundamentally different in not imposing a change in zonal wind in the troposphere. The results of Chen et al. (2007) occur because eddies grow on a strengthened jet when friction is reduced: no such systematic change occurs in our spinup experiments. change in horizontal E-P flux above) appears to stem from the decrease in refractive index around the tropopause and the increase below, which reduces the upward gradient of refractive index and thus weakens upward eddy propagation. Part of this change in vertical E-P flux is associated with a change in horizontal eddy heat flux and part of it is due directly to the change in the vertical gradient of potential temperature that is within the definition of the vertical E-P flux component.
The individual contributions to the change in n 2 in Eq. (4) have been examined to determine what aspects of the change in the zonal mean state lead to the changes in wave propagation. The change in n 2 is calculated for a given wavenumber so the middle term of Eq. (4) Fig. 5 shows that most of the refractive index change is explained by the change in q f , except at the lowest latitudes. The contribution due to the change in u in the denominator is small and confined to the low-latitude tropopause region.
Initially, it is the change in the meridional gradient of potential vorticity at the tropopause that alters the refractive index and thus eddy propagation. The top panel of Fig. 6 shows the change in meridional PV gradient for days 0 to 9, which consists of this dipole change with a decrease around the tropopause and an increase below. Comparing this with the change in E-P flux (Fig. 2b) , it can be seen that the reduced upward E-P flux only occurs in the latitudes where the dipole change in q f occurs. The components of q f are next diagnosed to understand how this change in q f arises. Equation (5) gives the meridional gradient of quasigeostrophic potential vorticity as a function of the zonal-mean zonal wind ( u) and potential temperature ( u) gradients. The second term measures the meridional curvature of the zonal wind and augments the planetary vorticity gradient. The third term is influenced by changes in the vertical shear and curvature of the zonal wind and the vertical shear and curvature of the potential temperature.
The change in the third term, .
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can be linearized in terms of the contributions from the change in u and the change in u where the nonlinear part is small.
The lower three panels of Fig. 6 show the separate contributions to the change in meridional PV gradient for days 0 to 9 of the E5 spinup. The contribution to the change from the meridional curvature is negligible compared to the contributions from the other terms. The contributions to the change in term 6 from the changes in u and u, shown in the third and fourth panels respectively, are both important, with the change due to the vertical temperature gradient being about twice as large as that due to vertical zonal wind gradients (or equivalently horizontal temperature gradients), except perhaps at low latitudes. These both act to give this dipole change in meridional PV gradient, which then results in the dipole change in n 2 . The n 2 anomalies on the flanks of the jet are amplified by the effect of low values of ( u À c) in the denominator. This initial change in n 2 produces refraction of the E-P flux of the form shown in Fig. 2b , which results in changes in horizontal eddy momentum flux. This then drives zonal wind anomalies in the upper troposphere as well as anomalous meridional circulations, which results in zonal wind and temperature changes in the lower troposphere.
There is, however, an important feedback of the initial zonal wind changes on the eddies that is apparent in Fig. 7 (equivalent to Fig. 5 , but now for days 40 to 49). The refractive index and E-P flux changes are now considerably larger and there is a positive gradient of refractive index from pole to equator in the troposphere accompanied by anomalous equatorward refraction of E-P flux in the troposphere. This leads to the increase in horizontal eddy momentum flux stretching down into the troposphere seen in Fig. 2a . Comparing the total change in refractive index with the individual components demonstrates that the change in q f no longer completely explains the change in n 2 . There is now a much larger contribution from the altered zonal wind in the denominator. As the zonal wind in the troposphere starts to change, the u and q f contributions become comparable. In the region of zonal wind deceleration between ;308 and 458 the zonal wind (in the denominator) contribution to q f /a( u À c) actually dominates the refractive index changes in the troposphere by days 10 to 19. However, the change in PV gradient remains the dominant contribution to the change in n 2 around the tropopause. The lower panel of Fig. 7 demonstrates that the altered zonal wind is responsible for the positive gradient of refractive index from pole to equator in the troposphere and corresponding E-P flux and eddy momentum flux changes in the troposphere. These results suggest a feedback: as the zonal wind starts to respond to the initial changes in meridional temperature gradient and eddy momentum flux around the tropopause, this influences eddy propagation in the troposphere, resulting in changes in horizontal eddy momentum flux throughout the troposphere. This acts to further accelerate the tropospheric zonal wind. The initial response followed by a feedback involving the tropospheric eddies is likely to be the reason for the two stage response seen in Fig. 3 : as the feedback becomes important, there is a stronger acceleration of the zonal wind.
Comparison with a zonally symmetric model
The results of section 3 have demonstrated the importance of changing eddy momentum fluxes in the tropospheric response to the applied heating perturbation. In this section we compare these results with those for a zonally symmetric model in which the same equatorial heating perturbation as in section 3 is applied but the eddy fluxes are held fixed at the values required to maintain the control run equilibrium state. Because of the lack of eddy feedback in the zonally symmetric model only one run was needed for this spinup experiment. Figure 8 shows the spinup evolution of the streamfunction of the mean meridional circulation and the zonal-mean zonal wind for the zonal model E5 case. Comparison with Fig. 1 demonstrates that initially the zonal wind response in the stratosphere is rather similar to the full model. The meridional circulation changes in the zonal model at days 0 to 9 are, however, considerably reduced. There is a weak anomalous indirect circulation at low latitudes and a direct circulation beyond around 308 latitude. This is the symmetric circulation response to maintain thermal wind balance in the presence of the altered meridional temperature gradients. Coriolis torques on these anomalous meridional circulations drive changes in the zonal wind. However, the changes in horizontal eddy momentum flux convergence that enhanced these circulation anomalies in the 3D model are absent in the zonal model.
After days 0 to 9, the tropospheric circulation responds differently. There is a large response in the zonal wind in the subtropical upper troposphere of the zonally symmetric model, associated with a large temperature increase that stretches down into the troposphere in the subtropics. No such temperature increase is present in the 3D model. In the zonal model, examination of the terms in the thermodynamic equation (not shown) demonstrates that this tropospheric temperature increase is due to vertical advection: the meridional circulation advects the stratospheric temperature increase down into the subtropical troposphere. This does not occur in the 3D model runs because between ;158 and 308 latitude there is a stronger anomalous upward vertical motion throughout the spinup that counteracts it.
It is clear that in the zonal model the initial stratospheric response is rather similar to that in the 3D model, but the tropospheric response is far weaker. There is no weakening and poleward shift of the midlatitude jets. Thus, most of the response in the troposphere of the 3D model is due to altered eddy fluxes. Figure 9 shows the refractive index change for days 0 to 9 of the zonal model E5 spinup (analogous to that in Fig. 5 ). This can be thought of as showing the initial change in refractive index that influences the eddies before the resulting changes in the eddies alter the circulation (and consequently the refractive index). The initial reduction in n 2 at the tropopause and increase below it, seen in the 3D model, also occurs in the zonal model, but comparison of Figs. 5 and 9 also shows that the eddies have started to alter the circulation in the 3D model even in the initial 10-day period. In the zonal model, the reduced vertical gradient in n 2 is much larger in the low latitudes where the reduced upward E-P flux in the 3D model is strongest. This is particularly true of the contribution due to the negative part of the dipole in n 2 . The initial changes that alter the refractive index in the stratosphere and around the tropopause are therefore a direct response to the imposed heating, but the full tropospheric response seen in the 3D model requires there to be changes in the eddies. 
The U5 and P10 experiments
To confirm that the above analysis is also valid for other stratospheric heating perturbations, we briefly compare with the results of the U5 and P10 experiments, focusing first on the initial changes in the meridional PV gradient and eddy refraction and then demonstrating that the feedback involving tropospheric zonal wind changes also occurs in these experiments. We also seek to understand what determines the direction of jet displacement because in both these experiments the jet is displaced equatorward (HBD05), as opposed to poleward in E5.
The changes in q f , E-P flux, and horizontal eddy momentum flux for days 0 to 9 of the U5 and P10 spinups in the 3D model are shown in Fig. 10 . It was demonstrated in section 3 that the change in vertical temperature gradient around the tropopause was important in the initial change in q f . The top panels of Figs. 10 and 6 clearly show that the differences in the q f anomaly between the experiments are associated with differences in the location of the change in vertical temperature gradient. In U5 the stratosphere is heated uniformly at all latitudes. As a result, the vertical temperature gradient changes at all latitudes, and the anomalous q f has a greater meridional extent than in E5. In P10, the changes in vertical temperature gradient and q f are largest in the polar region, whereas in E5 the changes are largest at lower latitudes.
The middle panels of Fig. 10 demonstrate that the reduced upward E-P flux occurs in the regions where the PV gradient is most changed. Therefore, U5 shows a more uniform decrease in upward E-P flux than either P10 or E5, in which the change is largest at high or low latitudes, respectively. The spatial correspondence between the reduction in vertical E-P flux and change in q f arises through both the change in refractive index and the direct dependence of vertical E-P flux on static stability.
The bottom panels of Fig. 10 show the corresponding differences in the horizontal eddy momentum flux anomalies. In U5 there is simply a weakening of the control horizontal eddy momentum flux (Fig. 2a) around the tropopause (but with a slight equatorward displacement of the zero line), whereas for P10 the anomalies are larger in higher latitudes.
The different locations of anomalous horizontal eddy momentum flux in each experiment lead to different latitudinal extents of the anomalous momentum flux convergence and hence of initial zonal wind acceleration/ deceleration at the tropopause. This is spread downward by the meridional circulation and generates correspondingly different feedbacks on the eddies.
This can be seen in Fig. 11 , which shows the zonal wind together with n 2 and E-P flux anomalies for days 40 to 49 of the U5 and P10 experiments. In P10 the zonal wind decreases on the poleward side of the jet and increases on the equatorward side. By arguments analogous to those for E5, this results in a positive n 2 gradient anomaly from low latitudes to high latitudes that is accompanied by a poleward refraction of E-P flux and corresponding decrease in horizontal eddy momentum flux in the troposphere, which further acts to reinforce these zonal wind anomalies.
The feedback is less apparent in U5 because the zonal wind anomalies do not yet dominate over the PV gradient changes in the subtropical upper tropospheric n 2 , so there is not a positive n 2 gradient toward the pole throughout the whole of the troposphere. However, some poleward refraction can be seen toward the maximum in n 2 on the poleward side of the jet in the troposphere, associated with the zonal wind decrease there.
Comparison of these different experiments demonstrates that it is the change in vertical temperature gradient and how it is localized in latitude that determine where the eddy momentum flux changes initially relative to the jet. This determines how the zonal flow begins to evolve and the subsequent direction of the jet displacement.
Discussion and conclusions
Our analysis of the model results, described above, leads us to propose the following mechanism, summarized in Fig. 12 , whereby thermal perturbations to the stratosphere influence the tropospheric circulation.
Heating the stratosphere causes both the vertical and meridional temperature gradients around the tropopause region to change. Changes in vertical shear and curvature of the zonal wind, associated with the change in meridional temperature gradient, alter the meridional PV gradient around the tropopause. Perhaps more importantly, the change in vertical temperature gradient and curvature has a direct effect on the meridional FIG. 9 . Change in n 2 at days 0 to 9 for the zonal model E5 case.
PV gradient. This produces a change in refractive index that influences the direction of propagation of the eddies, creating horizontal eddy momentum flux anomalies and heat flux anomalies. The changes in eddy momentum flux act to drive changes in the zonal wind locally around the tropopause and in the upper troposphere. They also drive anomalous meridional circulations that result in zonal wind and temperature changes throughout the troposphere. These tropospheric zonal wind changes alter the refractive index in a local positive feedback as follows: Reduced zonal wind increases the ambient positive refractive index because the term ( u À c) appears in the denominator of n 2 ; then wave activity is refracted toward that latitude, thus increasing E-P flux convergence, which drives further easterly acceleration (and vice versa for westerly anomalies). The spreading of initial zonal wind anomalies throughout the depth of the troposphere also creates an implicit feedback. An easterly anomaly with easterly vertical shear reduces the local baroclinicity: this weakens the E-P flux source and thus weakens eddy forcing of westerly flow at that latitude. Both of these mechanisms cause the eddies to provide a positive feedback on displacements of the midlatitude jet.
There has been some debate as to whether the refractive index can be used to predict wave behavior when the waves are not strictly in the WKB limit. However, several authors have demonstrated that the refractive index can give useful predictions as to the behavior of waves even when the WKB conditions do not strictly apply (Chen and Robinson 1992; Hartmann and Zuercher 1998; Lorenz and Hartmann 2003) . Moreover, it has been demonstrated in Figs. 5 and 7 that the refractive index in our results is consistent with the altered E-P flux and so is useful in predicting the changes in eddy propagation in the midlatitude tropopause region.
The importance of changes in eddy momentum flux around the tropopause region in driving the tropospheric response has been demonstrated by the 3D spinup experiments and has been confirmed by the lack of response in the troposphere of the zonally symmetric model with fixed eddy forcing. The requirement for a feedback involving the tropospheric eddy momentum fluxes to produce the full zonal wind anomalies is in agreement with several previous studies (Polvani and Kushner 2002; Polvani 2004, 2006; Song and Robinson 2004) . The idea of tropospheric eddy feedback has been developed further in this study by using the refractive index to show that as the zonal wind changes in the troposphere, it results in meridional gradients of refractive index, which in turn result in eddy refraction in the troposphere to produce changes in tropospheric eddy momentum fluxes. The model used here differs from some previous studies, such as those of Polvani (2004, 2006) , in that it does not have a stratospheric polar vortex but still produces a significant tropospheric response to stratospheric heating perturbations. Furthermore, because there is no large-scale zonally asymmetric forcing in our model, planetary waves are weak and eddy forced: the dominant wavenumbers are 5, 6, and 7. Our results therefore confirm the possibility that smaller-scale baroclinic eddies alone can produce a tropospheric response to stratospheric heating perturbations, although larger-scale planetary waves may play a role in other modeling studies and in the real atmosphere. A mechanism by which a tropospheric response can be produced by smaller-scale baroclinic eddies is also consistent with observed signals that are symmetric about the equator and/or seen in all seasons, such as the zonal wind and temperature response observed over the solar cycle (Haigh 2003; HBD05) .
Moreover, our results suggest that it is a change in eddy propagation near the eddy source latitudes that is important in producing the jet displacement rather than processes affecting the critical latitude of eddy breaking in the subtropics. Following the results of Chen et al. (2007) , who showed the importance of a change in phase speed in the poleward shift of midlatitude westerlies in response to a change in surface friction, Chen and Held (2007) have suggested that a similar mechanism could produce a tropospheric response to stratospheric zonal wind anomalies. By this hypothesis, changes in lower stratospheric and upper tropospheric zonal wind could produce a shift in the midlatitude jets through a shift in the region of subtropical wave breaking caused by a change in phase speed. However, Chen and Held (2007) state that the question still remains as to whether the shift in the phase speeds is a consequence or a cause of the tropospheric circulation changes. In our experiments, a change in phase speed shifting the critical line does not appear to be an important factor.
Our primary aim was to study how the response to changing solar activity could be produced in the troposphere, but our results equally apply to other situations in which there is a heating or cooling perturbation applied to the stratosphere. For example, Lorenz and DeWeaver (2007) showed, in model studies investigating the response to stratospheric cooling, that a complete understanding of the mechanisms involved must consider both the effects of the change in vertical temperature gradient and the change in horizontal temperature gradient. Our results have confirmed this: the change in horizontal temperature gradient is important through its influence on the zonal wind shear and the subsequent effect on the eddies. However, the changes in vertical temperature shear and curvature around the tropopause, and how they are localized in latitude, are key to the latitudinal distribution of the tropospheric response and therefore to the direction of meridional jet displacement.
Gerber and Vallis (2007) and Gerber et al. (2008) have shown that simplified models such as ours can have unrealistically long decorrelation times compared to the real atmosphere. This can lead such models to be overly sensitive to external forcing, as implied by the fluctuation-dissipation theorem (Leith 1975) . The sensitivity of these model results to vertical resolution and the introduction of zonal asymmetries is elaborated upon in the appendix. We do find there is a sensitivity in the magnitude of the response to these factors, but the results are qualitatively the same and our conclusions about the mechanisms involved in producing the tropospheric response remain valid.
To summarize: HBD05 demonstrated that tropospheric circulation changes, similar in nature to those seen over the solar cycle, can be produced by heating the stratosphere of a simplified GCM preferentially in the equatorial region. Here we have investigated the mechanisms by which such a response is produced and have demonstrated the importance of changes in eddy momentum fluxes in driving the tropospheric circulation changes and of the presence of tropospheric eddy feedbacks on the zonal wind. The quasigeostrophic refractive index has demonstrated the initial importance of altered vertical temperature gradient and vertical wind shear in changing the eddy momentum flux. Furthermore, it shows that it is the zonal wind anomalies in the troposphere that refract the eddies there to provide the feedback.
Some analyses of zonal mean temperatures (Crooks and Gray 2005) suggest that at solar maximum the lower stratospheric heating is largest in lobes that extend into the subtropics. This might enhance the tropospheric response because the heating maxima are closer to the latitudes of maximum eddy activity. Further work will address the sensitivity of the response to details of the distribution of stratospheric heating. have shown that the decorrelation time scale of the leading mode of annular variability in sGCMs is sensitive to both the model resolution and the introduction of zonally asymmetric boundary conditions such as topography. Without such zonally asymmetric boundary conditions, the decorrelation time scales are known to be unrealistically long, which the fluctuation-dissipation theorem implies can lead to these models being overly sensitive to external forcing. Here we present some initial tests of the sensitivity of the model results to increased vertical resolution and zonally asymmetric boundary conditions. Figure A1 shows the equilibrium response to E5 heating for a model run with T42L30 resolution and a run with the original T42L15 resolution but with the introduction of topography. These are produced from the difference between a 5000-day equilibrated E5 run and a 5000-day control run. Results for the T42L30 run have been averaged over both hemispheres as previously.
Focusing first on the T42L30 run, the center of the midlatitude jet in the control run is further equatorward at around 408 latitude. Figure A1a clearly shows a qualitatively similar zonal wind response to the E5 heating perturbation as the original T42L15 run (Fig. 1) , with an increased westerly wind speed on the poleward side of the jet center and a decrease on the equatorward side. However, the magnitude of the response is around 75% larger than in the original experiment. This is consistent with Gerber et al.'s (2008) result that at T42 horizontal resolution, an increased vertical resolution results in a longer decorrelation time scale and thus an expected increase in the model sensitivity to external forcing. However, this trend is reversed when the resolution is increased to L60. This appears contrary to Gerber et al. (2008) , who found that the decorrelation time scale was insensitive to vertical resolution beyond L40 at T42 horizontal resolution. This suggests the need for more detailed investigation including the sensitivity to numerical aspects of different models.
For the run with topography, a ridge 2000 m in height oriented north-south has been placed in the Northern Hemisphere centered on 08 longitude and 458 latitude (i.e., placed across the latitude of the jet). The topography is elliptical in shape, with an eccentricity of 4 and a half-width of 208 longitude. Figure A1b shows the zonal wind response to the E5 heating perturbation. Both hemispheres are shown because the model is no longer symmetric around the equator. A similar magnitude of response to the original E5 experiment is seen in the SH as expected. In the hemisphere with the topography the magnitude of the response is reduced (by around 50%) but the pattern of response is, again, qualitatively the same.
These experiments show that the magnitude of the model response is sensitive to aspects of the model specification. Nevertheless, preliminary analysis of other meteorological fields, notably the eddy momentum flux, indicates that the same mechanisms operate. The reasons for the differing magnitudes of the response are an area for future study.
